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INTRODUCTION
The multicopy genes encoding ribosomal RNA (rRNA) are arranged as tandem head-to-tail repeats in ribosomal DNA (rDNA). Each copy is composed of three coding genes (18S, 5.8S and 28S) separated by non-coding internal transcribed spacers (Goldman et al. 1983) . Copies are separated from each other by the intergenic spacer (IGS) containing terminators of transcription of the previous gene unit in the 5' end and transcription initiation sites of the next gene unit in the 3' end. IGS also includes tandemly-arranged repetitive elements (subrepeats) shown to enhance transcription of rRNA genes from the adjacent promoter (Pikaard et al. 1990; Jacob 1995; Banditt et al. 1999; Caudy and Pikaard 2002) .
Variation in the number of subrepeats results in IGS length heterogeneity (Weider et al. 2005) among populations, individuals, and even within individuals (Chou et al. 1999) . IGS length variation has functional significance through its impact on the evolutionary ecology of organisms, mainly by its effects on growth rate via RNA production (Weider et al. 2005) . A study conducted on clonal lineages of Daphnia pulex subjected to divergent selection, showed that in lineages for high juvenile growth rate, a predominance of long IGS variants was observed over those with lower growth rates (Gorokhova et al. 2002) . The observed variations in IGS length were related to the number of subrepeat units carrying a promotor sequence in the repetitive region. Furthermore, in two lineages of Drosophila melanogaster selected for differential development rates, individuals of the fast developing line possessed longer IGS unlike those in the slow developing line; a higher number of repeats were found within the longer IGS (Cluster et al. 1987) . Moreover, many studies on invertebrate species have found that the D r a f t 6 longer the IGS, the more repeats it contains, notably enhancers which increase rRNA gene transcription rates allowing the organism to synthesize sufficient ribosomes needed to support protein requirements for rapid growth (Cluster et al. 1987; Grimaldi and Di Nocera 1988; Gorokhova et al. 2002; Fahy et al. 2005) .
Extensive IGS size variation has been observed in numerous taxa, including fishes. Although fishes display an astonishing variation in growth capacity (Belk et al. 2005; McDermid et al. 2010) , relationships between IGS length and growth rate as seen for invertebrates, have yet to be established. Previous studies on yellow perch, Perca flavescens from Lake St. Pierre (LSP) revealed important growth differences for both larvae and adults (Tardif et al. 2005; Glémet and Rodríguez 2007) . LSP is a highly heterogeneous shallow fluvial lake presenting contrasting environmental conditions (Frenette et al. 2006) likely to influence growth rate.
This study aims at determining IGS length variation in yellow perch, Perca flavescens. We performed the sequence analysis of the complete rDNA IGS region in order to highlight the location and reveal the organization of regions containing repeats. We investigate each repeat region in individuals from a natural population to assess rDNA length variation arising from the IGS sequence. Although we do not attempt to relate observed IGS variation to growth performance in fish, this study represents a first step for future studies wishing to test this relationship in vertebrates.
MATERIALS AND METHODS
IGS sequence, assembly and characterization
One individual yellow perch was used for IGS sequence characterization. The individual originated from a previous study (Glémet and Rodríguez 2007) where fish were collected in Lake
St. Pierre (lat: 46°12; long: 72°50; Quebec, Canada). Genomic DNA was extracted from the liver tissue using the DNeasy Tissue kit (Qiagen, Mississauga, Canada). The entire intergenic spacer (IGS) was amplified by PCR using the primers designed in the 3′ end of 28S (IGSF) and the 5′ end of 18S (IGSR) ( To overcome the problem caused by the presence of repetitive elements frequently detected in IGS (Weider et al. 2005) , the sequencing strategy adopted consisted of a first step of IGS cloning followed by the creation of nested-deleted plasmids with the Erase-a-base system (Promega, Madison, USA) (Butler and Doers 1995 Sequences were assembled into contigs using the bl2seq program (National Center for Biotechnology Information website) based on the algorithm developed by Altschul et al. (1997) , 
IGS size variation
To investigate IGS size variation in natural population of yellow perch, 40 individuals from Lake St. Pierre (Leung et al. 2011) were analyzed. Total DNA used was previously extracted from individuals by proteinase K digestion followed by phenol-chloroform purification and ethanol precipitation (Leung et al. 2011) . PCR reactions were carried out to individually amplify regions identified to contain tandem repeats (R1, R2, R3 and R4, Table 2 ) using pairs of primers reported in Table 1 . For R1 region, PCR reaction was performed in a total volume of 12.5 µl containing:
1.25 µl 10X Taq reaction buffer, 0.2mM of each dNTP, 0.4 µM of each primer, 0.5 U of Taq DNA polymerase (Feldan) and 2µl of DNA template. For R2, R3, and R4 regions, 0.5 ul of Band Sharpener (Feldan) was used in addition to all reagents used for R1 region. Amplification conditions were as follows for R1: an initial denaturation of 92°C for 30s, 35 cycles of 92°C for 30s, 50°C for 15s and 68°C for 120s followed by one final extension step of 68°C for 5 min. For R2, R3 and R4 regions, amplification conditions were similar except for the annealing step where temperature and duration differed slightly, 62°C for 30 s. For all PCR products, electrophoresis was performed on a denaturing 5% polyacrylamide (19:1 acrylamide:bis-acrylamide) gel. Silver nitrate staining was used to visualize bands (Bassam et al. 1991 Within the IGS are included four successive regions containing tandemly-arranged repeats (Figure 1 ). From the 28S 3′end to the 18S 5′end, these repeat regions, R1, R2, R3, and R4 are separated by non-repetitive sequence regions, NR1, NR2, NR3, NR4, and NR5. Such IGS structure is found in most eukaryotes species in which the general IGS organization is constituted by a central region composed of repetitions and non-repetitive regions next to the 28S 3′end and the 18S 5′end (Reeder 1990; Baldridge and Fallon 1992; Crease 1993; Ryu et al. 1999 and Reeder 1983; Labhart and Reeder 1984; Reeder 1984; Grimaldi and Di Nocera 1988; Grimaldi et al. 1990; Kuhn et al. 1990; Pikaard et al. 1990) . Typically in mammalian genomes, CpG islands are 300-3,000 base pairs in length, with regions greater than 500 bp considered more likely to be «true» CpG islands if they have a GC content greater than 55%, and an observed-to-expected (obs/exp) CpG ratio of 65%. The CpG islands in yellow perch IGS were identified upstream of the 5′ 18S gene, in the vicinity of the predicted promoter and transcription start site (see above). Yellow perch CpG island characteristics seemingly concord with mammalian criteria; CpG1 has 55.9% GC, an obs/exp CpG ratio of 66.8% and is 809bp in length while CpG2 has 62% GC, an obs/exp CpG ratio of 95% and is 903bp in length. These facts suggest CpG islands found within yellow perch IGS subrepeats likely play a role in the regulation of rRNA transcription however in order to determine their exact functional role, extensive analyses still need to be carried out in the future.
CpG islands are conventionally involved in the epigenetic regulation of genes via their methylation status (Gronbaek et al. 2007 ). In vertebrates, contrary to other genes in the genome, housekeeping genes, which include rRNA genes, are closely associated with hypomethylated CpG islands which typically occur at or near the transcription start site of the genes (GardinerGarden and Frommer 1987). Here, the unmethylated state of promoters with CpG islands allows genes to be expressed and is contrary to the highly methylated CpG sites found in the coding regions. In fact, hypermethylated rDNA regions are not involved in the transcription regulation of mouse and human rDNA (Mason et al. 1997; Shiraishi et al. 1999; Grozdanov and Karagyozov 2002) . In the human genome, the frequency of the CG nucleotides is 1 %, which is less than 1/4 of the expected frequency. The consensus explanation for CpG deficiency is a spontaneous deamination of methylated cytosines into thymines, effectively decreasing CpG frequency (Duret Salvelinus namaycush the region adjacent to the 28S is responsible for IGS length variation (Zhuo et al. 1995) whereas in Salmo trutta, this variation is due to a region upstream of the 3'ETS (Castro et al. 1997) . Here, the R2 region revealed two contrasting variants implying that in yellow perch, distinct IGS length classes are mainly due to a 62 bp element, repeated either four or 22 times.
The observed diversity of length variants for regions R1, R3, and R4, and not for region R2 in The observed IGS length variants for R2 region in the present study, where two contrasting allele lengths are present among yellow perch individuals of Lake St. Pierre presents an exciting opportunity for future test of a possible link between IGS length and growth rate in natural vertebrate populations. Furthermore, if the R2 region is shown to influence growth performance, it could be subject to selective pressure through its influence on growth rate. As a genetic marker, the R2 region may be a better indicator of adaptive variation than neutral markers (Beebee and Rowe 2004) , and thus more likely to reflect population differentiation due to selection in natural systems.
In conclusion, our study showed that the structural organization of yellow perch IGS is similar to that of many other eukaryotes. While yellow perch IGS has many repetitions confined to four clusters each separated by non-repetitive regions, they have diverged from known regulatory sequences of other species. Still, several elements seemingly implicated in the transcriptional regulation of rRNA genes were identified including, poly A signals, poly (dA) tracts, putative promoter regions, and CpG islands. The repeat R2 region appears to be unique as CpGs are completely absent despite a relatively high GC percentage. In addition, the most contrasting IGS length variants were found for the R2 region among yellow perch individuals. Our study paves the way to future investigations by providing both a genetic marker for population differentiation studies as well as an important tool for unraveling the mechanisms connecting IGS length variation in vertebrates with a major life history trait, notably growth rate in fish. 
